Abstract: This communication describes the synthesis of polymethylphenylsilane by the microwave-assisted coupling of methylphenyldichlorosilane using metallic sodium in solvent free conditions. The instant heating melts the sodium particles within the liquid methylphenyldichlorosilane and the polymerization reaction is achieved in minutes with total consumption of the monomer. The process is carried out in a high performance microwave reactor using the closed vessel operating facility which ensures control of the reaction parameters and highly reproducible results.
Introduction
Due to their valuable optical and electronic properties the interest in polysilanes increased steadily [1] [2] [3] . Although different synthesis methods have been developed during the last decades [4] [5] [6] [7] , the rather old Wurtz like coupling of organochlorosilanes remains widely used even today [8, 9] . The main critical points of this technique are concerned with the low reproducibility, low yields of the high molecular weights fraction and the high reaction temperature which usually lead to a high content in byproducts. This is the reason why important research studies have been performed to get into the intimate mechanism of this procedure [10, 11] . Some important conclusions could be drawn from these published works. The Wurtz coupling of organochlorosilanes follows a complex mechanism which implies distinct features. First, an important role is played by the solvent effects at metal-liquid interface due to the growing polymer solid phase on the metal surface and high amount of the resulted alkali metal halide [12, 13] . The second aspect is concerned with the nature of the polymerization process itself [13, 14] . On one hand the reaction stoichiometry fits a step growth polymerization and on the other the overall reaction evolution could be better explained as a chain growth process. During the initiation, a complex mixture of silyl reactive species, both radicals and ion radicals, occurs and this makes difficult the proper control in the chain growth phase [15] . These nonideal polymerization conditions are exacerbated by the sensitivity to oxygen and other impurities and result in a poor control of both the molecular weight and structure of the final polymers. From this point of view the classical experimental approach and equipment already reached the upper limits where new improvements seem to be difficult to obtain.
Recent reports have shown that microwave heating can be very convenient for use in a large number of organic synthetic methods [16] [17] [18] . Modern apparatus designed for microwave chemistry have solved the problems of temperature and pressure control which ensures highly reproducible results. The greatest benefit of microwave-assisted synthesis is that it speeds chemical reactions. Therefore, reactions which take hours or days under conventional reaction conditions can be performed in seconds to minutes with high yields and lower amounts of side products. Another important advantage of using microwaves is that the chemical reaction could be driven in solvent free conditions.
There is a continuously increasing number of reports on the use of microwaves to carry out polymerizations. Recent examples include the polycondensation of phosphine-containing poly(amide-imide)s [19] , polymerization via Suzuki C-C coupling [20] , free radical polymerizations in emulsion [21] and controlled radical polymerizations [22] . These reports have led us to investigate the usefulness of microwave -assisted chemistry in Wurtz heterogeneous coupling of organochlorosilanes for the preparation of σ-conjugated polysilanes.
Results and discussion
This communication describes the synthesis of polymethylphenylsilane by the microwave -assisted Wurtz coupling of methylphenyldichlorosilane in heterogeneous systems using metallic sodium in solvent free conditions.
The classical synthetic route is concerned with the preparation of the sodium dispersion first by stirring at high speed a suspension of the melted metal in high boiling reaction solvent (toluene) in inert atmosphere. Then, the dispersion is cooled to 80-90 o C and the monomer, methylphenyldichlorosilane, is added dropwise in a short period of time. Further, the reaction mixture is maintained at gentle reflux for another 2-3 h to effect polymerization. To ensure a total consumption of the monomer a high excess of the alkali metal is needed. In these conditions a precise batch-to-batch reproducibility is difficult. In addition, the complexity of the procedure is raised by the difficulties in handling large amounts of alkaline metal dispersion in solvent at relatively high temperatures and by the necessity to maintain an inert, dry, and oxygen free ambient. The microwaveassisted chemistry provides us with the ability to reach high internal reaction temperatures at high pressures (Fig. 1) . The heterogeneous Wurtz coupling of organodichlorosilanes takes place on the sodium particle surface. When the reaction is performed in solvent free conditions, the microwaves energy is absorbed only by the monomer. The instant heating melts the sodium particles within the liquid methylphenyldichlorosilane mass and the reaction starts instantly. The polymerization of methylphenydichlorosilane by Wurtz coupling could be achieved in less than 3 min with almost total consumption of the monomer. The reaction is so fast that all the side pathways to byproducts are practically eliminated. The utilized microwave reactor was designed to operate under controlled high temperatures and pressures.
In these conditions a monomer conversion higher than 80 % was observed at the end of the process. The reaction was performed in a closed vessel and therefore oxygen and moisture contamination was avoided.
The GPC analysis of the microwave synthesized polymer in five repeated experiments showed a high degree of reproducibility (> 95%). In all samples, the specific bimodal distribution of polysilanes was less representative. Mainly, one major peak with narrow distribution of high molecular weights was observed together with a slight shoulder within the lower molecular weights region (Fig. 2) . By comparison, the GPC trace of the polysilane synthesized by classical heating showed a strong bimodal distribution with a high content in polymer with lower molecular weight. Large amounts of oligosilanes byproducts were also present as indicated by the presence of a third peak in the chromatogram (Fig. 3) . It is well known that due to the σ-electrons conjugation, the UV spectrum of polysilanes displays a specific absorption band within the 310-350 nm range. For the same polysilane structure this specific absorption maximum is slightly red-shifted for longer silicon chains. On the other hand, the intensity of the absorption band is higher for a linear conformation of the polysilane macromolecule because ensures a higher degree of σ-electrons delocalization. Figure 4 shows that the UV absorption band of the polysilane obtained by microwaves has a considerably higher intensity compared with that of the polymer synthesized by classical heating and the absorption maximum is slightly red-shifted. Therefore, the microwaves assisted procedure leads mainly to linear polysilanes with longer macromolecular chains. The presence of high amounts of low molecular weight polysilanes and oligosilanes byproducts obtained by the classical method affect both the intensity and position of the absorption band due to a lower σ-electron delocalization and conformational defects in the shorter segments. The ease of this microwave-assisted technique coupled with its high speed and high conversions makes it a valuable tool for the synthesis of polysilanes. We are in the process of studying the utility of microwave-assisted heating to make σ-conjugated copolysilanes by Wurtz coupling in both heterogeneous and homogeneous systems. There is no reason to suspect that this technique is limited to polymethylphenylsilane, and the synthesis of other more complex structures is underway.
Experimental part
The 1 H and 13 C spectra were recorded using a Varian VXR-300 multinuclear spectrometer. The 1 H and 13 C spectra were run in CDCl 3 at room temperature without TMS standard. FTIR spectra were recorded with an FTS 40A Bio-Rad spectrometer at room temperature on KBr pellets.
GPC experiments were carried out in tetrahydrofuran solution (1%) at 30 o C, at a flow rate of 1 cm 3 /min using a Spectra Physics 8800 gel permeation chromatograph with two PL-gel packed columns (10 3 Ǻ and 500 Ǻ). Polystyrene standards with low polydispersity (PLLab.) were used to generate a calibration curve. UV/Visible spectra were recorded in CHCl 3 solution (0.1%) using a Beckman Acta M4 UV-Vis-NIR spectrometer. The microwave experiments in close vessels were carried out in a PC operated (Synergy software) Discover LabMate -CEM, Inc. monomodal reactor equipped with the IntellyVent pressure controller and magnetic stirring capability.
Synthesis of polymethylphenylsilane -The classical heating method
The sodium dispersion was prepared first by mechanical high speed stirring of melted sodium particles (10 g, 0.4 mol) in dry toluene (120 ml) at a gentle reflux for 2 h under a dry N 2 atmosphere. Methylphenyldichlorosilane (25.3 g, 0.1 mol) in 30 ml dry toluene was added dropwise at a rate which maintained vigorous refluxing. When the addition was complete, the mixture was refluxed for 5 h and then cooled to room temperature, quenched with a solution of 50 ml ethanol in 100 ml water and washed with 500 ml of distilled water. The organic layer and the solid insoluble polymer were separated using ultracentrifugation and the solvent (toluene) was stripped off. The colorless oily residue was dissolved in 50 ml of THF. From this solution, the white solid polyhydrosilane (10 g, 27.5% yield) was obtained through precipitation in 800 ml of isopropyl alcohol.
-The microwave-assisted method A typical experimental procedure is as follows. In a glove box flushed with dry inert gas a 10 mL microwave vial equipped with magnetic stirring bar was charged with 1 mL (1.17 g) methylphenyldichlorosilane. Then, 0.35 g of sodium metal was cut into small pieces and carefully added over the monomer. The reaction vial was sealed then placed in a microwave reactor and heated to 90 o C for 3 min. using the Standard operating facility. The exothermal coupling reaction started almost instantly and the temperature rose quickly to approx. 120 o C. After cooling, 5 mL of toluene was added over the dark purple solid and the mixture was transferred into a 50 mL flask. The unreacted sodium was further quenched under stirring with 10 mL of ethanol/water solution 1:1. Then, the organic layer was washed with water until neutral pH and the solvent, toluene, was vacuum distilled. Over the remaining solid, 1 mL of THF was added and the solution was poured over 100 mL methanol. The white precipitate of polymethylphenylsilane was separated through filtration and vacuum dried at 50 o C for 2 hours. The average yield was 0.82 -0.93 g. 
